Treatment with chitosan of suspension-cultured Glycine max cells labeled with 45Ca2" caused a rapid release of calcium, which was complete much earlier than the chitosan-induced leakage of intracellular electrolytes and probably reflects calcium loss primarily from the cell wall and/ or plasma membrane. A linear correlation was found between calcium release from chitosan-treated whole cells or isolated cell walls and the amount of chitosan bound. Other polycations (poly-L-lysine, histone, DEAE-dextran, and protamine sulfate), low molecular weight polyamines (spermine, spermidine, and putrescine) and polyanions (polygalacturonate and poly-L-aspartate, which act as chelating agents) also released calcium from whole cells and isolated cell walls; however, only the polycations increased membrane permeability. Poly-L-lysines of differing molecular weight showed a similar ability to release calcium, but their effect on membrane permeability increased with increasing molecular weight. The results suggest that the effect of polycations on permeability is not the direct result of calcium displacement from the cell surface but is probably due to cross-linking of surface components. The order of effectiveness of inorganic cations in displacing calcium from whole cells and isolated cell walls was Ca2l, Ba2 , Sr2+ > Mg2'> K+, Na+.
Chitosan (8-1,4-linked glucosamine) has been implicated as an important regulatory component in host-fungal interactions (10) based on histochemical and immunochemical evidence of its production at the host-pathogen interface during infection (7) (8) (9) , and its many physiological effects on plant and fungal cells (1, 7, 12, 14, 19, 20) . Treatment of suspension-cultured Glycine max cells with chitosan induces the leakage of electrolytes, proteins, and other material (20) ; at intermediate chitosan concentrations, this is followed by metabolic changes, as indicated by enhanced synthesis of the phytoalexin glyceollin, cell wall polyphenols, and callose (12) . The effect of chitosan on membrane permeability is due to its polycationic properties (20) . Polycation-induced leakage from plant cells is strongly inhibited by divalent cations (2, 18, 20) . Because such inhibition appears to be of a competitive nature (2, 18) , it has been suggested that basic polymers displace Ca2" from anionic sites on the membrane, but cannot confer equivalent dimensional stability, rendering the membrane leaky (18) . It has also been proposed that polyamines and Ca2' bind competitively to plant mem- ' Supported by a grant from the Deutsche Forschungsgemeinschaft (Ka 196/18 branes (5) .
In this report, we compare the abilities ofdifferent polycations, polyamines, and other molecules to release Ca2" from Glycine max cells with their effects on membrane permeability, and discuss the results in relation to the mechanism by which basic polymers increase permeability. In addition, the possible significance of Ca2" displacement by chitosan during fungal infection is considered.
MATERIALS AND METHODS

Cell Culture. Cell suspension cultures of Glycine max cv
Harosoy 63 were grown as described previously (20) for 6 d in B5 medium (6) , modified by using 50 ,M FeSO4-EDTA as the source of iron (3). 45Ca Labeling of Cells. Cells were washed three times in an incubation medium consisting of 1 mm NaH2PO4 and 2% sucrose (w/v), adjusted to pH 5.5 with 0.1 N NaOH, by centrifugation at 1 5OOg for 5 min. After settling in a measuring cylinder for 20 min, the cells were resuspended in incubation medium to give a 4:1 ratio of total volume to settled volume. [45Ca]C12 (100 mM) in incubation medium was added to give a final concentration of 2 mm containing 0.4 gCi/ml, and the suspension was shaken in an Erlenmeyer flask on a 1.5-cm rotary shaker at 120 rpm for 30 min at 26°C. The cells were then washed and resuspended in incubation medium as above.
Uniform labeling of cells was achieved by growing cultures for 6 d in culture medium containing 0.2 ,Ci 45Ca/ml (the medium contains 1 mM CaCl2). Cells were then washed and suspended in incubation medium as described above.
Measurement of 45Ca2" Release and Electrolyte Leakage from Whole Cells. Test mixtures contained 2 ml of 45Ca-labeled cell suspension, incubation medium, and the appropriate test substance in a total volume of 3 ml in 5-ml glass tubes. In each experiment, control mixtures without cells were included for all treatments. To provide an estimate of the total possible electrolyte leakage, test mixtures containing cells were heated at 100°C for 5 min. All tubes were incubated at room temperature for the appropriate period with gentle mixing on a roller mixer (Denley Technology, Sussex, England), then allowed to stand for I min so that most of the cells settled out . A 1.6-ml aliquot of the supernatant was centrifuged for 2 min at 10,000g in an Eppendorf 3200 centrifuge to remove the few remaining cells and the medium was recovered. Electrolyte leakage was calculated by subtracting the conductivity value of controls without cells from that of the medium from test mixtures with cells. 45Ca2' release was determined by counting the radioactivity in 0.2 ml of medium in a toluene-Triton X-100 based scintillation fluid. CHC13 treatment involved adding 1 ml of CHC13 to the test mixture; after incubation, the aqueous phase was used for measurements of conductivity and 45Ca2" release. Binding of chitosan to cells after the incubation was calculated from measurements of the unbound chitosan present in the medium using the method of Ride and Drysdale (15 (20) . Poly-L-lysine hydrobromide of various mol wt, DEAE-dextran (chloride form, approximate mol wt 500,000), histone (calf thymus, type II), Na polygalacturonate (grade II), Na poly-L-aspartate (mol wt 20,000-50,000), glucosamine hydrochloride, L-lysine monohydrochloride, L-aspartic acid, putrescine dihydrochloride, spermidine trihydrochloride, and BSA (fraction V) were from Sigma. Protamine (Fig. 2) . 45Ca2' release was complete within 30 min, whereas the increase in conductivity of the medium, which reflects leakage of all electrolytes, continued over the 2-h experiment and the rate ofincrease was almost linear for 1 h. Similarly, there was no apparent temporal correlation between 45Ca2+ release and electrolyte leakage when the other polycations listed in Table I were tested (results not shown).
The relationship between 45Ca2+ release and chitosan binding was examined by treating whole cells or isolated cell walls with different amounts of chitosan; in both cases, the amount of 45Ca2' released increased linearly as a function of chitosan binding (Fig. 3) .
Different basic molecules and other substances were tested for their ability to release 45Ca2+ from whole cells or isolated cell walls, and to cause electrolyte leakage from whole cells (Table I) . Very similar results for 45Ca2' release were obtained using whole cells and isolated cell walls. All polycations tested (poly-L-lysine, chitosan, histone, DEAE-dextran, and protamine sulfate) and polyamines (spermine, spermidine, and putrescine) were very active in releasing 45Ca2 . In contrast, the monomers glucosamine and lysine, and also BSA and laminarin, which have little or no net charge at pH 5.5, showed much less or no activity. Polyga for I h and 30 min, respectively, with the test substances at 500 /g/ml.
The conductivity value representing total leakage was 10. Whereas polycations drastically altered membrane permeability, as shown by electrolyte leakage, polyamines and polyanions did not (Table I) . Poly-L-lysines of different mol wt showed a rather similar ability, on a weight basis, to release 45Ca2+ but the larger polymers (60,000 and 190,000 D) caused a greater loss of electrolytes than the smaller ones (4,000 and 11,000 D).
The amount of electrolytes released from cells after drastic disruption of their membranes by CHC13 or Triton X-100 was similar to that released by the most active polycations at 500 ,ug/ ml. However, CHC13 and Triton X-100 were less effective than polycations in releasing 45Ca2+ (Table I) .
In experiments with whole cells and isolated cell walls, the same order of effectiveness of different cations in their ability to release 45Ca2+ was found (Table II) . Ca2+, Ba2e, and Sr2`released a similar amount of label and were more effective than Mg2+. Na+ and K+ liberated much less 45Ca2+ than divalent cations.
DISCUSSION
The Ca2' which is released from Glycine max cells by treatment with polycations, polyamines, and polyanions probably originates mainly from the cell wall and/or plasma membrane since polyamines and polyanions did not induce leakage of intracellular electrolytes (Table I) , and polycation-mediated Ca2+ release occurred more rapidly than the leakage of other electrolytes, and was complete much earlier (Fig. 2) . In addition, the fact that these treatments caused considerably more Ca2+ to be released than could be set free by disruption of membranes using CHC13 or Triton X-100 indicates that leakage or transport of a soluble, intracellular pool could not account for the observed results. The possible contribution of Ca2l from bound intracellular sites to the observed Ca2" release by polycations is difficult to assess. However, the fact that the pool of 45Ca2+ in uniformly labeled cells which could be released by poly-L-lysine was also subject to very rapid exchange with Ca2" in the medium (Fig. 1) supports the idea that Ca2" is liberated primarily from the cell wall or plasma membrane by means of ion exchange. Release of Ca2" from the cell wall was also demonstrated directly (Table I); polycations can bind sonically to polygalacturonate (20) , and it is possible that they displace Ca2" from calcium pectate complexes in the cell wall. It has been suggested that divalent cations bridging the cell wall and plasma membrane might be displaced by polycations (16) lysines (4,000 and 11,000 D), were comparable to the larger polycations in terms of their ability to release Ca24 (Table I) , the smaller polycations affected permeability much less than larger ones, and polyamines showed no effect. Indeed, polyamines have been reported to stabilize cell membranes (13) , and in our experiments appeared to cause a slight reduction in electrolyte leakage compared with untreated controls (Table I) . The fact that a similar order ofeffectiveness ofdifferent cations in their ability to inhibit both polycation-induced leakage (20) and the release of Ca24 from cells (Table II) was found, suggests that the induced leakage and Ca2" release result from a similar, or comparable, interaction; both effects were strongly inhibited by Ca2+, Ba2+, and Sr2-, whereas Mg24 was less effective and monovalent ions were much weaker inhibitors.
Notwithstanding the above evidence, the possibility that a pool of Ca24, too small to be detected in our experiments but critical for the maintenance of membrane integrity, might be displaced 
